This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. Abstract Recently, responsive surfaces have attracted attention due to their potential applications. Reported research have studied the deposition of environmentally responsive particles on different surfaces, qualitatively tested their response to environmental conditions and studied their possible applications. In this work, novel fluorescent temperature-sensitive nanoparticles were synthesized using a surfactant free emulsion polymerization technique: poly(N-isopropylacrylamide-co-5% vinyl cinnamate) (p(NIPAM)5%VC). The new particles were characterized using dynamic light scattering and fluorescence spectroscopy. A novel sensitive method for the quantitative analysis of p(NIPAM) 5% VC using fluorescence spectroscopy was developed to determine the concentration of nanoparticle dispersions. This was further used to quantitatively determine the mass of nanoparticles deposited per unit area of glass pre-treated with acid, glass pre-treated with base, quartz, stainless steel, gold and teflon at 25°C and 60°C. Factors affecting the adsorption/desorption of the nanoparticles were studied, including the effect of substrate surface charge, surface roughness (using atomic force microscopy, AFM), hydrophilicity/hydrophobicity and the temperature at which the adsorption/desorption experiments were carried out. The results show that the effect of surface charge is the most significant, followed by that of surface roughness and temperature. Meanwhile, the influence of the hydrophobicity/hydrophilicity of the surface on the adsorption/desorption of nanoparticles appears to be far less significant than the previously mentioned factors.
Introduction
The deposition of environmentally responsive colloidal nanoparticles on surfaces has been carried out to produce environmentally responsive surfaces. The latter can be used in many applications such as the control of cell and protein adhesion, (1-4) and bioseparation (5, 6) .
For example, the reaction of stimuliresponsive surfaces with proteins can be either specific or non-specific, each of which has its own application. In the case of specific stimuli-responsive surfaces, the interactions of proteins with the surface can be controlled in order to switch the adsorption/desorption of a specific protein onto/from the surface and repel the other biological species available (7).
Alarcón et al.
(1) managed to switch the adsorption/desorption of fluorescein isothiocyanate-labelled bovine serum albumin (FITC-BSA) on poly(Nisopropylacrylamide-co-hexadecanethiol) (p(NIPAM-co-HDT)) micropatterned surfaces, which was controlled by the volume phase transition temperature (VPTT) of the nanoparticles. This behaviour was less pronounced after repeated heating/cooling cycles or prolonged incubation.
A c c e p t e d M a n u s c r i p t Burkert et al. (2) coated silicon surfaces with a pH-thermoresponsive polymer layer of poly(2-vinyl pyridine) and p(NIPAM). This system was used to control the binding of BSA adsorption by changing the temperature from below to above the VPTT.
Qin et al. (3) prepared a p(NIPAM) nanoparticle with a metal chelate comonomer N- (4-vinyl) -benzyl iminodiacetic acid. In the presence of Cu 2+ ions, this comonomer forms a co-ordination complex with the template protein. Accordingly, the addition or omission of Cu 2+ ions can be used to switch the imprinted nanoparticleprotein interactions.
In eukaryotic cell culture, some cells can be grown in free suspension while most cells derived from solid tissues need to be cultured on a solid surface. To lift the cells off the surface, common protocols include the use of digestive enzymes such as trypsin but as a consequence it is impossible to harvest completely intact cells. Using a stimuli-responsive surface for cell culture solves this problem. Changing environmental conditions (e.g. temperature) at the surface changes its physicochemical properties such as surface charge and hydrophilicity; this can be used to automatically switch the cell adhesion at the surface on and off. Different physicochemical triggers were used to control cell adhesion, including electrochemistry, light and temperature (7).
Edahiro et al. used a photo-and thermoresponsive surface (cell culture substrate) modified with a polymerizable spiropyran derivative and a copolymer of NIPAM to switch the adhesion of Chinese hamster ovary cells on and off (8) . At 37°C, when the surface was irradiated with UV light (λ=365 nm), the spiropyran was isomerized to a zwitterionic merocyanine form, which caused the cells to adhere to the surface. Reversing the isomerization by irradiating the surface with visible light (λ=400 nm) and washing the surface with cold water caused the cells to be lifted off. Further experiments proved the viability of the cells after the UV and visible light irradiation.
Other researchers have used exclusively thermoresponsive polymers such as p(NIPAM) to coat surfaces for different applications (4) . At 37°C cells tend to adhere more to hydrophobic surfaces than to hydrophilic ones. Accordingly, using the latter will provide easier removal of the cells from the surface (7).
One application of thermoresponsive polymer coatings is the separation of biomolecules. For example, silica beads modified with temperature-sensitive p(NIPAM) were used as a stationary phase for HPLC for the temperature-modulated separation of steroids and peptides.
The Okano group (5) has made progress in designing new stationary phases. In 2006, they developed a new HPLC method for the analysis of non-steroidal antiinflammatory drugs such as ibuprofen and ketoprofen (6) . They designed a new temperature/pH sensitive stationary phase by modifying aminopropyl silica beads with a NIPAM-based nanoparticle with two incorporated co-monomers: butyl methacrylate (BMA) and N,Ndimethylaminopropylacrylamide (DMAPAAm). Changing the temperature and pH caused the surface of the modified stationary phase to switch between hydrophilic/hydrophobic and charged/uncharged forms. Temperature changes can also cause the ion exchange groups to appear on the surface, which highly affects the retention time of the analytes. The authors suggest the new method will be suitable for the separation of charged biomolecules such as proteins, DNA and peptides, and they refer to this technique as 'temperature responsive chromatography'. M a n u s c r i p t 3 The work reported herein aims to determine the quantity of nanoparticles deposited on different surfaces under specified conditions and to discuss the factors affecting it (substrate surface charge, surface roughness, hydrophilicity/hydrophobicity and the temperature at which the deposition/desorption processes take place. This is important to move the applications of stimuli responsive surfaces from the research phase to the practical application one with special consideration to the commercial factors associated with this process. To determine the amount of nanoparticles deposited on a surface, a simple dip-coating technique was used, where the solid surface was dipped into a nanoparticle dispersion of known loading, then left for three hours before the concentration of the supernatant was measured to infer the number of nanoparticles deposited on the surface. A new fluorescent-labelled nanoparticle was synthesized and fluorescence spectroscopy was used to determine the concentration of the nanoparticles in the dispersions before and after solid dipping. This increases the sensitivity and reliability of the quantitation of deposited particles.
Materials and methods

Nanoparticle synthesis
In a 1 L reaction vessel, 1.84 mM of the initiator 2,2-azobis(2-methylpropionamidine was dissolved in 800 mL of distilled water. A three-necked lid was clamped to the reaction vessel, which was then heated to 70°C with continuous stirring. The monomer (41.97 mM NIPAM), co-monomer (1.43 mM vinyl cinnamate, VC) and cross linker (3.24 mM N,N'-methylenebisacrylamide) were stirred in distilled water (200 ml) then transferred into the reaction vessel containing the initiator and continuously stirred at 70°C for six hours under an inert atmosphere of nitrogen. When the reaction was complete, the nanoparticle dispersion was allowed to cool to room temperature. Given the photosensitivity of fluorescent VC, all the glassware used was wrapped in aluminium foil to protect the reaction from light and avoid the dimerization of VC molecules, which may have interfered with the polymerization reaction. The nanoparticle dispersion was dialyzed in fresh de-ionised water changed daily for a week, centrifuged and freeze dried. The resulting novel poly(NIPAM-co-5% vinyl cinnamate) nanoparticles are herein referred to as p(NIPAM)5%VC .
A 100% p(NIPAM) dispersion was also prepared using the same method (without incorporation of the VC co-monomer), so that the characteristics of the novel p(NIPAM)5%VC co-polymer particles could be compared with those of a standard, well characterised system.
Nanoparticle characterization
Dynamic light scattering
Dynamic light scattering (DLS) measurements were carried out using a Malvern Zetasizer Nano ZS and a quartz cuvette with two polished windows (Starna Type 1). All samples were diluted with deionized water (1 mL of dialysed nanoparticle dispersion was diluted with 2 mL of water) before measurements. The hydrodynamic diameter of the particles was measured in response to temperature change from 15 to 60°C). The temperature of the dispersion was controlled by a Peltier thermocouple. Data were collected every 1°C and the samples were equilibrated for 2 min before each data collection point. Three measurements, each consisting of 13 subruns, were taken at each temperature to obtain an average hydrodynamic diameter. The pH of the samples was adjusted to pH 3 and 10 using diluted HCl and NaOH to test for the effect of changing pH upon the size of the particles. M a n u s c r i p t 4 
Fluorescence spectroscopy
A Horiba Jobin Yvon Fluoromax 4 spectrofluorometer was used for fluorescence experiments to determine the mass of nanoparticles either deposited or subsequently desorbed from each surface. Firstly, a calibration curve was obtained using a known concentration of p(NIPAM)5%VC dispersion that was prepared by re-dispersing freeze dried particles in water then underwent serial dilution. All samples were excited at 300 nm and the full emission spectra (315-540 nm) were recorded with bandwidth of 5 nm at 25°C. A 10 mm path length quartz cuvette with four polished windows (Starna Type 3) was used for all the measurements.
Slide surface treatments
Glass and quartz
Glass microscope slides were supplied by Sail Brand (75 x 25 mm, 1-1.2 mm thick). Quartz microscope slides (75 x 25 mm) were supplied by GPE Scientific Limited. To study the effect of surface treatment on the mass of nanoparticles adsorbed on the surface, two types of glass surface were tested.
The acid pre-treated glass and quartz slides were prepared in the same way: they were thoroughly washed with de-ionized water, sonicated in MeOH:HCl (1:1) (pH 0.12) for 30 min, thoroughly washed with deionized water, sonicated in 2M H 2 SO 4 for 30 min then finally rinsed with de-ionized water and stored in MeOH. The base pretreated glass slides were thoroughly washed with de-ionized water, sonicated in MeOH:NaOH (pH 11) for 30 min, rinsed with deionised water and stored in MeOH. Prior to use, all the slides were thoroughly washed with water and dried under N 2 .
Stainless steel
Stainless steel slides were supplied by Reco Engineering Components Limited (75 x 25 mm, 1.2 mm thick). The slides were physically cleaned with wire wool, sonicated in 1.5% NaOH (pH 11) for an hour and then dried in oven at 50°C for an hour before use.
Gold
Clean microscope glass slides were coated with pure gold obtained from Agar Scientific by sputter coating from an Edwards 150B sputter coater. Both sides of the glass slides were coated before being kept in a clean container and used without any further treatment.
Teflon
A PTFE plastic sheet stock was supplied by RS Company and laser cut into slides (75 x 25 mm). The slides were thoroughly washed and sonicated for an hour in fresh soapy water (Teepol multipurpose detergent), then stored in fresh soapy water. Prior to use slides were thoroughly washed with de-ionized water and dried under N 2 .
Surface deposition/desorption of nanoparticles
Deposition
Dip coating was used to deposit nanoparticles onto the different slide surfaces. The solid slides were dipped into Petri dishes containing 20 mL of a 2% w/v dispersion of p(NIPAM)5%VC. For each type of solid surface, three samples were coated (deposited) at 25°C and three at 60°C. Control experiments (of nanoparticle dispersion alone, with no dipping of slides) were conducted in parallel to account for the adsorption of nanoparticles on petridishes.
The slides were left covered in the Petri dishes for 3 hours. The slides were then removed from the residual nanoparticle dispersions, which were then analysed using fluorescence spectroscopy (Section 2.5.1).
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Desorption
For desorption experiments, the solid slides previously used in the deposition experiments (Section 2.4.1) were dipped in Petri dishes containing 20 mL of deionized water and left for 3 hours. Again for each type of solid surface, three samples were desorbed at 25°C and three were desorbed at 60°C. Parallel control experiments were carried out to account for the deposition of nanoparticles on petridishes. The residual nanoparticle dispersions were then analysed using fluorescence spectroscopy (Section 2.5.1).
Surface characterization
Fluorescence spectroscopy
For the fluorescence measurements in all the deposition experiments, as well as the glass, quartz and stainless steel desorption experiments, the residual nanoparticle dispersions remaining after deposition/desorption were firstly stirred then diluted by a factor of 1/4000. For the gold and teflon desorption experiment fluorescent measurements, the residual nanoparticle dispersions remaining after desorption were stirred but used undiluted. Measurements were carried out the same way as section 2.2.2.
The concentration of nanoparticles (w/v) in the residual dispersions was calculated from the fluorescence intensity measurements using the calibration curve (Figure 3) , then the mass of nanoparticles in each residual dispersion was determined. The mass of nanoparticles deposited was calculated by subtracting the mass of nanoparticles in the residual dispersion from that in the control (2 % w/v nanogel dispersion in a petridish that is treated the same as the sample).
AFM
A Nanosurf easyscan 2 AFM was used to analyse both bare surfaces and surfaces with deposited nanoparticles. Tapping mode was used using Tap190Al-G tips supplied by Budget Sensors. The image size per run was 10µm at a resolution of 1024 lines, each containing 1024 points. The time per line was 1.5s. Three sites per slide and three slides of each sample were tested to look at the uniformity of results.
Results and discussion
Cinnamic acid derivatives are widely used as fluorescent probes (9) . They also possess some biological activity including an anti-tumor effect (9, 10) . In this work, VC was used as a co-monomer to synthesize fluorescent colloidal nanoparticles. The presence of a pendant vinyl group in the molecular structure of VC makes it readily polymerizable.
3.1
Characterization of p(NIPAM)5%VC nanoparticles
Size and VPTT
Figure 1 shows the change in particle size of p(NIPAM)5%VC in response to temperature change. The initial particle diameter (below the VPTT) is approximately 280 nm and shrinks to 160 M a n u s c r i p t 6 nm upon increasing the temperature above the VPTT. This is significantly smaller than 100% p(NIPAM) (synthesized in the same way) with a typical initial particle size of 550 nm (11) that shrinks to 290 nm above the VPTT. The incorporated hydrophobic VC decreases the extent of hydrogen bonding between the particle and water compared to 100% p(NIPAM), so less water will be incorporated in the particle, leading to a smaller particle size. Figure 1 also shows no significant difference between the particle size at pH 3 and 10. This is because the VC molecule does not include ionizable groups that would be affected by the change in pH. The minimal difference observed between the two pHs can be attributed to the cationic initiator groups on the particle surface.
Fluorescence spectroscopy
In order to confirm whether the VC comonomer had been incorporated into the nanoparticle structures, the emission spectra of 100% p(NIPAM) was compared with that of p(NIPAM)5%VC when excited at the same wavelength (300 nm) (Figure 2 ). There is a clear shift in the emission band when comparing the two spectra.
Furthermore, the p(NIPAM)5%VC has the same reported λ em as that of VC (350 nm) (12), which also supports the conclusion that VC was incorporated into the new particles.
In order to determine the concentration (w/v) of dispersions containing an unknown quantity of p(NIPAM)5%VC, a calibration curve at 25°C was prepared (Figure 3) . M a n u s c r i p t Figure 4 compares the response of 50 µg/mL p(NIPAM)5%VC and 100% p(NIPAM) to changing temperature (heating-cooling) using fluorescence spectroscopy. When the temperature increases, the temperature-sensitive nanoparticles shrink. This increases the local density of the incorporated VC fluorophores within the particle, leading to an increase in the overall fluorescence intensity of the nanoparticle dispersion. Figure 4 shows that the fluorescence intensity of p(NIPAM)5%VC is almost five times greater than that of 100% p(NIPAM) considering that both dispersions are of the same concentration. Therefore, addition of a VC fluorophore co-monomer provides a sensitive method for the quantitative analysis of the concentration (w/v) of nanoparticle dispersions. Table 1 shows the mass of nanoparticles adsorbed on each surface based on fluorescence spectroscopy measurements.
Factors affecting the mass of p(NIPAM) 5% VC deposited on different surfaces
At 25°C (lower than the VPTT of p(NIPAM) 5% VC, Figure 1 ). Stainless steel adsorbed the highest mass of nanoparticles followed by glass pre-treated with base, glass pre-treated with acid, quartz, gold then teflon. The mass of nanoparticles deposited on steel was about five times that deposited on glass, ten times that deposited on quartz, fifty of gold and three hundred and sixty that on teflon.
Not only did steel have a large mass of nanoparticles deposited on its surface but also a low desorption percentage and therefore the highest affinity towards the nanoparticles.
At 60°C (above the VPTT of p(NIPAM)5% VC) the mass of particles deposited on all surfaces was increased and, apart from base pre-treated glass, the percentage desorption decreased. The factors affecting the net mass of nanoparticles deposited on or desorbed from the different surfaces will be discussed in detail.
Effect of surface charge
For any given solid surface, usually there are functional groups expressed on the surface. The extent of ionization of these groups can be altered by changing the pH of the surrounding environment. This can be used to control the adsorption/desorption onto/from a solid surface. Therefore slide surface charge can be described by the point of zero charge (PZC). This is the pH where the net charge on the surface is zero (13).
Stainless steel Takehara and Fukuzaki (14) reported the importance of stainless steel treatment on controlling its surface charge. They compared the surface charge of nontreated and acid-treated stainless steel and claimed that the surface charge is affected
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A c c e p t e d M a n u s c r i p t 8 data) show a similarity between the composition of stainless steel used in this work and that used by Tanaka, who found untreated stainless steel to have a PZC of 5.6. Accordingly, it was claimed that the surface charge of stainless steel in a solution of pH 11 (far above the PZC) is negative.
In this work, stainless steel samples were sonicated in NaOH (pH 11) to expose the surfaces to a pH far above the PZC to ensure that the surface charge of the slides was negative prior to immersion in the nanoparticle dispersion. Also, knowing that the pH of the nanoparticle dispersion used for adsorption experiments carried out in this work is 6.7 (still above the PZC of stainless steel), it can be concluded that the surface charge of stainless steel immersed in the nanoparticle dispersion remains negative.
The negatively charged stainless steel surface electrostatically attracts the positively charged nanoparticles (which are cationic due to the initiator used during the particle synthesis). This increases the mass of nanoparticles deposited on the surface as well as decreases the percentage desorption and hence stainless steel showed a high net deposited mass of nanoparticles (Table 1) .
Glass and quartz When immersed in a liquid, the surface charge of glass depends on its chemical composition and the pH of the solution. This can either cause the association or dissociation of protons to/from the oxide surface leading to positive or negative surface charge, respectively (Equations 1a and b) (19, 20) .
Equation 1: Protonation/deprotonation of silicon hydroxide in (a) acidic and (b) alkaline media
The point of zero charge of glass is pH 3.5, while that of silica is pH 2.8 (21). In this work, glass slides pre-treated with acid and base were used, whilst quartz samples were treated with acid.
For the base pre-treated glass samples, the pH of the solution used for sonication was much higher than the PZC of glass. So, the glass slide surface charge at this point was considered to be strongly negative. When immersed in the nanoparticle dispersion with a pH above the PZC, the glass surface charge is still expected to be strongly negative.
For the acid pre-treated samples (glass and quartz), the pH of the solutions used for treatment was much lower than the PZC of both glass and quartz, so, the surface charge of the treated sample surfaces was considered to be positive, with SiOH 2 + groups dominant on the surface prior to immersion in the nanoparticle dispersion. When immersed in the nanoparticle dispersion with pH (6.7) above the PZC of both glass and quartz, surfaces are expected acquire a low magnitude of negative charge. In comparison to the base pre-treated glass samples, both glass and quartz pre-treated with acid are expected to have relatively fewer negative charges on their surface. Table 1 shows that the mass of nanoparticles deposited on glass samples pre-treated with a base (highly negatively charged) was more than that deposited on M a n u s c r i p t those pre-treated with acid (with relatively less negative surface charge than the base treated slides). Also, the percentage of desorption of particles from base-treated glass samples was much less than that of the acid-treated ones at 25 °C. This is attributed to the strong electrostatic attraction between the highly negatively charged surface (base pre-treated samples) and the positively charged particles; these forces are much less for the acid pretreated slides and hence the much higher percentage desorption. This indicates that the effect of substrate surface charge on the mass of deposited particles is pronounced.
At 60°C, the same pattern of results is observed except that the percentage desorption of particles from the base treated glass is higher than that desorbed from the acid treated one (Table 1) . This could be due to increased repulsion forces between the positively charged particles (which have an increase in surface charge density when the temperature exceeds the VPTT (22).
Gold
Barten et al. (23) studied the deposition of linear positively charged poly-2-vinyl pyridine (PVP + ) on a gold electrode. Knowing that the PZC of gold is 4.9 (23), they studied the effect of changing the pH in the range of 3.5 to 6 (it is claimed that the surface charge of gold is constant above pH 6) (23). A slight increase in the adsorbed amount of PVP + upon increasing the pH of the solution was reported. This can be attributed to the increase of the electrostatic attraction forces between the negatively charged surface (gold in pH above 4.9) and the positively charged PVP + .
In this work, gold-coated glass was immersed in a nanoparticle dispersion of pH 6.7. Being above the PZC of gold (4.9) (23), the surface was then expected to be negatively charged. This suggests the presence of electrostatic attraction forces between the negatively charged substrate surface and the positively charged particles which is expected to result in a high net deposition mass of nanoparticles. However, table 1 shows that the mass of nanoparticles deposited on gold substrate surfaces is the second lowest deposited mass when compared to the other surfaces. This can be attributed to the magnitude of negative charge on each substrate surface.
Teflon
The molecular structure of teflon is a polymer of tetrafluoroethene. The absence of ionisable groups in the polymer suggests that the surface is neutral. For this reason, teflon surfaces are said to have low surface energy and hence used as non-stick materials. So, the effect of the substrate surface charge is expected to be eliminated in this case. This is reflected by the fact that the mass of nanoparticles deposited on teflon was observed to be the least compared to the other substrates.
The expected surface charge of each surface and their relative hydrophobicities are summarized in Table 1 . An electrostatic attraction force is generated between the negatively charged surfaces (stainless steel, base pre-treated glass, acid pre-treated glass, quartz and gold) and the positively charged nanoparticles. For the acid pre-treated glass and quartz samples, the electrostatic attraction force between the surface and the particle is expected to be less than that between the base pretreated glass sample and the particle. On the other hand, teflon is neutral and thus there is no electrostatic force in this case. Table 1 shows that the highest mass of deposited nanoparticles and the lowest desorption percentages were observed for stainless steel, base pre-treated glass, acid pre-treated glass, quartz and gold (negatively charged surfaces), while the neutral surface (teflon) had the lowest deposition mass and the highest desorption M a n u s c r i p t 11 percentage. Accordingly, the data suggest that the surface charge affects the mass of nanoparticles adsorbed on/desorbed from surfaces. The magnitude of the slide surface charge is also thought to be a significant factor affecting the adsorption/desorption of nanoparticles on/from different negative surfaces. It was not possible to measure this within the scope of this study, however, as per discussed, an estimate of the relative surface charge could be inferred (e.g. acid pre-treated glass was relatively less negatively charged than the base pretreated one).
For the same surface (glass), increasing the negative surface charge on the glass slide by treating it with a base rather an acid increases the electrostatic attraction force between the negative glass surface and the positive nanoparticle which increases the mass of deposited nanoparticles (Table 1) .
At 60°C, the ranking of different solid surfaces considering the adsorption / desorption of nanoparticles on/from the surface is similar to that at 25°C. The minor changes observed (for example, at 25°C the mass of nanoparticles adsorbed on acid pre-treated glass is more than that adsorbed on quartz while at 60°C, the opposite is observed) are thought to be due to the increased particle surface charge at 60°C (above the VPTT) which increases the electrostatic repulsion between particles. Also, the difference between the magnitude of surface charge of the different solid slide substrates will be an important factor.
Effect of surface roughness
Surface roughness is a description of the 'irregularity' of a surface (24). Figure 5 and Table 1 provide AFM topography images of each surface and the roughness average (S a ) of different surfaces before the deposition of nanoparticles. These can be determined from line profiles across a section of surface (Equation 2).
Equation 2: Calculation of average surface roughness
Where L is the evaluation length, z is the height and x is the distance along measurement. S a is the area between the roughness profile and its mean line (Equation 2) (24). The higher the S a value, the deeper and/or wider are the pores on the sample surface. These pores can trap nanoparticles inside and increase the surface area where the particles can be adsorbed. The S a values of the solid surfaces before the deposition of nanoparticles (Table 1) show that Teflon has the highest surface roughness used in this work, followed by stainless steel, gold, quartz and glass respectively. Comparing the surface roughness data (Table 1 and Figure 6 ) to that of deposition (Table 1) , one can conclude that the degree of irregularity of the surface does not affect the mass of nanoparticles deposited on/desorbed from it. For example, at 25 °C, Teflon had the highest S a and yet it had the lowest adsorption and the highest desorption percentage, whilst stainless steel had the second highest S a , the highest deposition but one of the lowest desorption values. On the other hand, correlating the effect of surface roughness with that of surface charge, it is clear that for negatively charged surfaces (stainless steel gold, quartz and base-treated glass), the one that the possess a significantly higher S a (stainless steel) showed higher adsorption and lower desorption than the rest. For the latter three negatively charged surfaces where there was not much difference in S a , the magnitude of surface charge is thought to be the main reason why the mass of nanoparticles adsorbed on/desorbed from the surface varied. Hence, it can be concluded that the surface roughness can be considered as a secondary effect that boosts that of surface charge. The combination of both (surface charge and roughness) strongly influences the extent of adsorption and desorption on/from the surface.
Comparing the mass of the net adsorbed particles on the stainless steel and basetreated glass samples (Table 1) supports this explanation. Both samples acquire a negative surface charge, yet the adsorption of the positive nanoparticles on the stainless steel surface is 4.5 times more than that on glass. This is thought to be due to the fact that the average surface roughness of stainless steel is significantly higher than that of glass (Table 1 and Figure 5 ).
Effect of hydrophilicity/ hydrophobicity
The comparison of the hydrophilicity/ hydrophobicity of all surfaces (Table 1) suggests that this factor has minimal effect on the amount of particles deposited on/desorbed from different surfaces. The surface with the highest adsorption and lowest desorption percentage (stainless steel) and that with the lowest adsorption and highest desorption (teflon) are both thought to be hydrophobic (15, 17). Also, the difference between the mass of particles deposited on hydrophilic surfaces is significant. This suggests that the effect of hydrophilicity/hydrophobicity is of less importance than that of substrate surface charge and surface roughness. However, further studies with more systematic comparison characters may help elucidate influence of relative hydrophilicity in more details.
Effect of temperature
The deposition/desorption data provided in table 1 shows that the mass of nanoparticles deposited on all surfaces at 60°C was higher than that at 25°C. Also, the percentage desorption decreased with temperature (except for base pre-treated glass), leading to an increased net mass of deposition. When the temperature increases above the VPTT (32°C), the particles deswell ( Figure  4 ). This means that the surface charge density on the particle increases which increases the electrostatic attraction between the positively charged nanoparticles and the negatively charged surfaces. Also, the M a n u s c r i p t 14 number of de-swollen particles that fit in the pores of solid surfaces will be more than that of the swollen ones. AFM images ( Figure 6) show that increasing the temperature above the VPTT affects the packing of the particles. In case of base pretreated glass, the percentage of desorbed nanoparticles is more than that at 25°C. The suggested reason for this is the increased electrostatic repulsion between the positive nanoparticles when the temperature exceeds the VPTT (32°C). Glass pre-treated with acid 18 10
Teflon 19 43 Table 2 shows the S a of adsorbed particles on different surfaces at 25 and 60°C. Despite the fact that the mass of nanoparticles deposited at 60°C is higher than that deposited at 25°C (Table 1) , the S a (representing the roughness of the deposited layer) is generally (except for stainless steel and teflon) smaller at 60°C than at 25°C. This is due to the regular dense packing of particles at 60°C while at 25°C this is not always the case (Figure 6 ). In case of stainless steel and teflon, the S a at 60°C is bigger than that at 25°C. This is thought to be caused by the increased electrostatic repulsion force between the positive nanoparticles (due to increased surface charge density above the VPTT).
Conclusion
A novel fluorescent temperature sensitive nanoparticle (p(NIPAM)5%VC) was synthesized and characterized. It was then used to develop a novel sensitive method (using fluorescence spectroscopy) to quantify the mass of nanoparticles deposited on different solid surfaces per unit area and the factors affecting it. The mass of nanoparticles deposited on/desorbed from different surfaces is affected by different factors, the most important of which is the surface charge followed by the surface roughness of the solid surface. The effect of temperature has also proved to be significant since it alters the physicochemical properties of the nanoparticles and hence alters its interaction with the solid surface. On the other hand, the effect of hydrophilicity / hydrophobicity of the solid surface was shown to be of less importance than the previously tested factors. M a n u s c r i p t
